Metal oxides hold the promise of high-capacity anodes for Li-ion batteries. Lithiation of binary metal oxides proceeds with two typical mechanisms: insertion and conversion. We characterize the two-step lithiation behavior of α-MoO 3 , namely, Li intercalation in the layered α-MoO 3 leads to the formation of crystalline Li 2 MoO 3 in the early stage of lithiation, and further Li insertion coverts Li x MoO 3 to metallic Mo and amorphous Li 2 O. The intercalation process is thermodynamically more favorable and is accompanied with a minor volumetric change, while the conversion reaction is kinetically slow and induces large deformation. Furthermore, instead of showing significant Li-embrittlement as seen in typical oxides, α-MoO 3 remains defects free despite the nearly 100% repetitive volumetric change during lithiation cycles. The reaction mechanism, structural evolution, and mechanical behaviors are unveiled through coordinated in-situ transmission electron microcopy experiments on α-MoO 3 nanobelts and first-principles computational studies. The results provide fundamental perspectives in the course of developing reliable high-capacity electrodes for Li-ion batteries.
Introduction
Li-ion batteries are the state-of-the-art choice in portable electronics, electric vehicles, and electric energy storage system [1, 2] . Technological improvement in rechargeable batteries has been driven by the ever-increasing demand on electrodes of high energy density and superior electrochemical and mechanical stabilities [3] . As an alternative to graphite, metal oxides hold the great promise of high-capacity anodes given the wealth of compounds of various degrees of covalence and metal oxidation states that enable the tuning of equilibrium potential and charging kinetics for Li-ion batteries [4, 5] .
Lithiation of metal oxides proceeds with the co-absorption of Li ions and electrons. The metal ions serve as the redox center for the electron injection. The Li storage in the host metal oxides is under two typical mechanisms: insertion and conversion. The respective lithiation mechanism shows a rough correlation with the atomic number of the 3d transition metal oxides [5] . This feature was understood based on the thermodynamic driving force of lithiation reaction and the kinetic factor of M-O bond dissociation. For the early transition metal oxides, the equilibrium potential vs. Li/Li þ of conversion reaction is low. Meanwhile, the metal ions are more polarized and the dissociation energy of M-O bonds is stronger in the early transition metal oxides than that of the later compounds. Therefore, conversion reaction is generally more favorable for the later transition metal oxides. For the insertion-type oxides, such as TiO 2 and V 2 O 5 [6] [7] [8] [9] , Li is absorbed at well-defined interstitial sites in the form of one-dimensional channels and twodimensional van der Waals layers in crystalline structures or at structural defects populated in amorphous lattice. The capacity of insertion-type metal oxides is limited by the available sites for Li occupation. Nevertheless, one noticeable merit is that Li insertion and extraction do not significantly distort the host structure and thus the mechanical stability can be retained in the long-term cycles. For the conversion-type materials, such as Co 3 O 4 , CuO, Fe 2 O 3 , and NiO [9] [10] [11] [12] [13] [14] [15] . the injection of Li ions and electrons translates the metal oxides into the elemental metal and lithium oxides through the following reaction:
In general, the conversion-type metal oxides preserve higher capacity (typical theoretical capacity $ 1000 mA h g À 1 ) than the insertion-type materials. However, the instability and structural disintegration induced by repetitive large volumetric change during lithiation cycles. Fig. 1 provides an overview of the volumetric strain for the insertion-and conversion-type binary metal oxides. The theoretical volumetric strains are calculated using the mass densities of the reactants and the lithiation products. Among the binary metal oxides, MoO 3 exhibits high theoretical capacity (1117 mA h g À 1 ) despite its relatively high formula weight. The capacity surpasses the values of most of transition metal oxides. Indeed, prior studies indicate that such capacity can be achieved in the first cycle of MoO 3 [16, 17] . Nanoelectrodes of different geometrical shapes were assessed, with different degrees of success, including porous films, nanoparticles, nanobelt films, and nanorods [17] [18] [19] [20] [21] [22] [23] [24] . The orthorhombic MoO 3 (α-MoO 3 ), composed of layers of distorted MoO 6 octahedra, is the thermodynamically stable phase among various polymorphs, and is of general interest in electrochemical applications given its intrinsic layered crystalline structure and the ease of multivalent-state (Mo (VI)/Mo(V)) coupling. It is noteworthy that the reaction mechanism of first delithiation in MoO 3 was revealed in great detail in a very recent publication [25] . This paper aims to illustrate the twostep lithiation mechanism and phase evolution in cyclic lithiation of α-MoO 3 . In comparison to most metal oxides that the high capacity is largely offset by the mechanical degradation [26] [27] [28] [29] , MoO 3 remains defects free in the lithiation cycles in spite of the 90% volumetric change associated with the electrochemical processes. The study is carried out through coordinated in-situ transmission electron microcopy (TEM) experiments on α-MoO 3 nanobelts and first-principles computational studies based on density functional theories (DFT). The approaches are highly complementary in that the in-situ TEM diagnosis provides direct visualization of the real-time electrochemical process while firstprinciples modeling offer fundamental understanding of the intrinsic behaviors at the electronic/atomic level.
We find that lithiation of α- 3 and deionized H 2 O with a corresponding volume ratio of 1:5. After fully dissolved, this reaction solution was transferred into a Teflon-lined stainless steel autoclave (50 mL capacity) and heated at 180°C in an electric oven for 24 h. After cooling, the white product was collected by centrifugation and washed thoroughly with water and ethanol before drying at 60°C for 3 h.
Characterization of MoO 3 nanobelts by SEM, XRD, TEM, and EELS
The synthesized products were characterized by a scanning electron microscope (FEI-Quanta 250), X-ray diffractometer (XRD, Bruker D8 Advance) equipped with Cu Kα radiation, transmission electron microscopy (TEM, FEI TECHNAI G20, operated at 200 kV), and field emission transmission electron microscopy (FETEM, JEOL-2010F, operated at 200 kV). The chemical composition and valance state of the samples was detected electron energy loss spectroscopy (EELS), the energy resolution of the EELS system is about 1.2 eV.
In-situ experiments
The in situ TEM observations were carried out using the Nanofactory TEM-scanning tunneling microscopy (STM) holder inside a JEOL-2010F TEM. A few MoO 3 nanobelts were attached to a gold (Au) rod with conductive silver epoxy as the anode. Li metal was scratched by an electrochemically shaped tungsten (W) tip inside a glove box. The Au and W wires were mounted on the station of TEM-STM holder. The assembly holder was loaded into the TEM chamber within a sealed plastic bag with an air exposure time less than 5 s. By manipulating the pizeo-driven stage with nanometer precision on the TEM-STM holder, the Li 2 O covered Li metal electrode came into contact with the single MoO 3 nanobelt. Once a reliable contact was made, a negative ( À 3 V) or positive voltage bias (þ 4 V) was applied to drive the lithiation and delithiation reaction of the MoO 3 nanobelt. 
Half-cell electrochemical measurements
Half-cell electrochemical experiments were performed at a CT2001A Land battery tester at room temperature. To prepare the electrode, slurry was made by mixing the active material, acetylene black, and polyvinylidenefluoride (PVDF) in a weight ratio of 80:10:10 in N-methyl pyrrolidone (NMP) with sonication for 1 h. The working electrodes were made by pasting onto stainless steel foil and drying at 120°C in vacuum overnight. The electrolyte solution was 1 M LiPF 6 dissolved in ethylene carbonate (EC)/dimethyl carbonate (DMC) (1:1 vol ratio). Pure Li foil (Aldrich) was used as the counter electrode. The cells were charged and discharged between 0.001 and 3 V (vs Li/Li þ ) at a current density of 100 mA/g.
Results and discussion
The diffraction peaks in the powder X-ray diffraction (XRD) pattern (Supporting information A large voltage is necessary to drive the electrochemical reactions because of the small size and poor electronic conductivity of the nanobelt. Precautions were taken to avoid the beam effects on lithiation reactions. The in-situ experiments are carried out with a low dose rate of electron flux. During the entire experiments, the electron beam is distributed to a large illumination area with the diameter of 50 mm. We avoid the focus of beams to a small area that may induce undesired radiation effects. Fig. 3b -e and Supporting information Movie S1 show the propagation of the reaction front and the morphological evolution of the α-MoO 3 nanobelt in the first lithiation. Here the location of the reaction front, indicated by the blue arrows, is marked as the boundary which separates the swelled lithiated part and the undeformed pristine phase. It appears that no apparent dislocation clouds present at the reaction front as was observed in SnO 2 nanowires [33] or cracks reported for ZnO and RuO 2 nanowires [34, 35] . The ripples ahead of the reaction front are likely due to the rotational contrast in the TEM images. The surface of the nanobelt after full lithiation remains very smooth. Fig. 3f-g We examine the lithiation mechanism of α-MoO 3 more closely by identifying the phase evolution along the reaction pathway. It is interesting that MoO 3 experiences two-step lithiation which is a distinct feature from the typical insertion or conversion mechanism. The dynamic evolution is recorded in the Supporting information Movie S2. In the early stage of lithiation, Li intercalation in the layered structure leads to the formation of crystalline Fig. 4b shows the corresponding SAED patterns in the three domains. Overall, we see a transition from an amorphous matrix containing polycrystalline phases to the single crystalline zone along the path. The clear diffraction pattern for the intermediate Li 2 MoO 3 phase indicates that the crystalline structure of MoO 3 is well retained during the first-step lithiation. Further lithiation distorts and amorphizes the lattice leading to the formation of ultrafine Mo clusters dispersed in the Li 2 O matrix. Such a behavior may stem from the intrinsic layered structure of α-MoO 3 -the intercalation behavior is a reminiscence of lithiation of typical layered structure of cathodes, while the conversion reaction occurs in a similar way in the conversion-type binary metal oxides. Fig. 4c shows the schematic of phase evolution and snapshots at different lithiation stages. Fig. 4d plots the area growth rate as a function of the lithiation time. The dimensional change in the thickness direction is difficult to measure in the TEM experiments. The area growth rate of the MoO 3 nanobelt further delineates the two-step lithiation behavior. Li interaction is accompanied with a small areal expansion ( $ 2.3%) and occurs at a fast rate ( $ 28 s). In comparison, the conversion reaction is kinetically slow which consumes the majority of lithiation time. This process also causes a significantly larger swelling of the nanobelt ( $ 30% areal growth) with a nearly constant expansion rate. The dynamic behavior in the two steps indicates that the intercalation process is thermodynamically more favorable in α-MoO 3 while the conversion reaction is the kinetically limiting step for the overall lithiation.
The two-step lithiation mechanism was observed in previous electrochemical measurements [23] . We also perform galvanostatic experiments to correlate the macroscopic electrochemical performance with the microscopic observations. Supporting Information Fig. S3 shows the first cycle curve. The first lithiation clearly shows two regions: the region above 1.5 V (region I) with two plateaus at 2.7 V and 2.3 V corresponds to the process of Li intercalation, and the region below 1.5 V (region II) represents the stage that the conversion reaction proceeds with a long plateau around 0.4 V. In the first delithiation, the two plateaus around 2.7 V and 2.3 V are indiscernible, indicating that the intercalation process is irreversible which results in a low Columbic efficiency ( $ 43%) in the first cycle. It is evident that the material behaviors in the electrochemical tests and in the TEM setup utilizing a single nano-battery are closely correlated, while the in-situ TEM experiments provides the unprecedented resolution on the microscopic events that govern the large-scale performance. We perform first-principles theoretical studies to attain full understanding of the microscopic mechanism of lithiation in α-
Projector-augmented-wave (PAW) potentials in Vienna Abinitio Simulation Package (VASP) are used to mimic the ionic cores, while the generalized gradient approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE) flavor is employed for the exchange and correlation functional [36, 37] . The Hubbard U-J parameter 6.3 for Mo is adopted to model the large Coulombic repulsion between localized electrons [38] . The atomic structures and system energy are calculated with an energy cutoff of 520 eV. For Brillouin zone sampling, a 5 Â 3 Â 5 mesh of k points in the . Here the energy of MoO 3 (E MoO3 ) and the energy of a Li atom in its bulk form (E Li ) are taken as the reference energies and E nLi-MoO3 is the total energy of the system containing n Li atoms in the cell. We identify two favorable interstitial positions (Fig. 5a ) for Li intercalation -the interlayer and intralayer sites with formation energies of À 3.57 eV and À 3.68 eV, respectively. The interlayer site is surrounded by four terminal O1 atoms and one O2 atom in the adjacent layer, while the intralayer site is neighbored with two O2 atoms and two O3 atoms [42] . The energy barrier of Li diffusion along the interlayer-intralayer pathway is calculated as 0.55 eV (Supporting information Fig. S4 ) that is consistent with the previous study [43] . The unit cell contains a total number of 8 interlayer and intralayer sites for Li intercalation. Those interstitial spots are filled by Li at the early stage of lithiation. Additional Li are placed at the sites of largest Delaunay triangular volume which are regarded as generally favorable sites for Li insertion. In each step, 1 Li is added into the lattice to model the composition range 0.25 rx r6 in Li x MoO 3 . Fig. 5b-e shows the geometry at four representative Li concentrations, Li 1.5 MoO 3 , Li 2 MoO 3 , Li 3.75 MoO 3 , and Li 6 MoO 3 , respectively. The layered structure is well maintained up to the composition Li 2 MoO 3. Beyond this point, Li insertion breaks the Mo-O bonds and induces solid-state amorphization of the structure. The radial distribution function (RDF) is plotted (Fig. 5f ) for the pristine MoO 3 , Li 2 MoO 3 , and fully lithiated state Li 6 MoO 3 to show the transition from the layered crystalline structure to the eventual amorphous state. Fig. 6a shows the evolution of the formation energy and strains as a function of the Li concentration. The solid symbols represent the average values from the five different configurations for each given composition, and error bars represents the standard deviation. The variation of formation energy clearly demonstrates the two-stage lithiation mechanism. Up to the composition Li 2 MoO 3 , the formation energy remains a nearly constant value of À 3.6 eV. Li intercalation at the interlay and intralayer sites is highly favorable with a large thermodynamic driving force. In the next stage from Li 2 MoO 3 to Li 6 MoO 3 , the formation energy decreases rapidly (more positive) as the Li concentration increases due to the saturation of the intercalation sites and growing repulsion between the neighboring Li atoms. Such a behavior is also seen in the plot of evolution of volumetric strains in Fig. 6b . As expected, the intercalation process is accompanied with minor volumetric deformation and the crystalline structure is well retained. The volumetric strain increases dramatically afterwards and reaches $90% upon complete lithiation. The large volumetric deformation is accommodated by the gradual rearrangement of the lattice structure through Mo-O bond breaking and Li-Mo-O cluster reforming as shown in Fig. 5 . It is also worth noting that the deformation of MoO 3 during lithiation is anisotropic. The in-plane strain (ε x ) along the a-axis and out-of-plane strain along the b-axis (ε y ) are included in Fig. 6b . The deformation in the in-plane directions is relatively small. The decrease of lattice length in the baxis (negative ε y ) in the intercalation process is due to the attraction between the oxygen layers with Li. The evolution of the formation energy and strains in the modeling agree well with the TEM observations (Fig. 4d) on the kinetics and deformation of α-MoO 3 during lithiation.
We assess the microstructure evolution of MoO 3 in the lithiation and delithiation cycles by in-situ TEM experiments. Fig. 7a shows the pristine α-MoO 3 nanobelt. As discussed, MoO 3 experiences Li intercalation and then conversion reaction in the first lithiation process. The diffuse rings in Fig. 7b demonstrate the generation of ultrafine Mo nanoclusters embedded in a Li 2 O matrix. The width of the nanobelt increases from 176 nm to 202.5 nm. As pointed out earlier, a recent paper studied the delithiation mechanism of MoO 3 [25] . Our experiments showed the same delithiation behavior so we will not repeat those interesting findings. In brief, the mixture of Mo nanograins and Li 2 O react to form intermediate crystalline Li 1.66 Mo 0.66 O 3 and then amorphous Li 2 MoO 3 upon complete delithiation [25] . The electrochemical reactivity of Li 2 O was attributed to the electrocatalytic effect of Mo nanograins dispersed in the Li 2 O matrix. The SAED pattern confirms the formation of Li 2 MoO 3 after delithiation. The width of the nanobelt decreases to 178 nm that is comparable to width of the pristine material. The irreversible phase change in the first lithiation cycle dictates the capacity fading -1/3 of the theoretical capacity is lost due to the irreversible conversion reactions. The reaction products in the second lithiation cycles are shown in Fig. 7c-d . The SAED patterns show that Mo/Li 2 O form after the second lithiation and Li 2 MoO 3 again is generated after the second delithiation. Such phase evolution is reversible in the subsequent cycles. In summary, the first lithiation proceeds with MoO 3 þ 2e In addition to the direct observation of the reaction mechanism, Fig. 7 is also a clear demonstration of the mechanical robustness of the MoO 3 nanobelts in the lithiation cycles. Despite the large repetitive volumetric change, the nanobelts do not form any mechanical defects such as profuse dislocation clouds or cracks as typically observed in other metal oxides. Furthermore, the size change of the nanobelt in the multiple cycles is irreversible which is beneficial for the maintenance of structural integrity of composite electrodes in long-term cycles. We perform in-situ bending experiments on a pristine MoO 3 nanobelt and its fully lithiated state to characterize the mechanical behaviors. Lithiation usually results in dramatic changes of the mechanical properties of electrodes due to the compositional change [44] . Fig. 8a-d and Supporting information Movie S3 show the snapshots of the pristine nanobelt during bending deformation. The nanobelt can fully recover its initial shape up to the bending strain $ 4%, and it breaks beyond this load. In comparison, large bending strain can be sustained in lithiated MoO 3 nanobelts as shown in Fig. 8e-h and Supporting information Movie S4. The maximum local strain reaches $ 11% without causing any cracks. This behavior differs from the Li-embrittlement (a similar phenomenon of hydrogen embrittlement) [45] observed in lithiated ZnO and RuO 2 [34, 35] . After unloading, the morphology of the nanobelt cannot fully recover to its original stage. The durable nature of lithiated MoO 3 may originate from the flowability that accommodates the large deformation in the electrochemical process of lithiation and delithiation [46] . The mechanical resilience of MoO 3 may be attributed to the aliovalency of the Mo cation; the valence states of Mo (IV), Mo(V), and Mo(VI) can be easily translated. Therefore, when Li are inserted to reduce the original cation, Mo can gradually adapt to the electronic and structural changes instead of experiencing sharp cleavage of Mo-O bonds. The flowability of lithiated MoO 3 may also benefit from the softness of Li 2 O matrix [47] in contrast to the brittleness of the original MoO 3 crystalline structure.
Conclusion
In conclusion, we systematically study the reaction mechanism, structural evolution, and mechanical stability of α-MoO 3 through complementary in-situ TEM experiments and first-principles modeling. The chemistry of Li and MoO 3 differs from that of typical insertion-or conversion-type binary metal oxides. The first lithiation proceeds with two-stage reactions; Li intercalation in the early stage stems from the layered structure of α-MoO 3 . Such a process is thermodynamically more favorable and is accompanied with a minor volumetric change. Further Li insertion beyond Li 2 MoO 3 leads to the solid-state amorphization and conversion to the mixture of Mo nanograins and Li 2 O matrix. The conversion reaction is the rate-limiting step for the charge kinetics and induces large deformation. The in-situ TEM experiments depict the complete reaction pathway of MoO 3 in the cycles of lithiation and delithiation. Despite the large cyclic deformation that is a common feature inherent to high-capacity electrodes, MoO 3 shows unprecedented mechanical reliability. The fundamental studies on the electro-chemo-mechanical behaviors of MoO 3 shed insight on the development of durable high-capacity electrodes of improved electrochemical and mechanical stabilities. Fig. 8 . In-situ bending experiments of (a-d) a pristine MoO 3 nanobelt and (e-h) lithiated MoO 3 nanobelt. Pristine MoO 3 is brittle, while lithiated MoO 3 exhibits large plasticity and crack-free when the applied bending strain reaches 11%.
